Thermophilic xylanases are ideal for many industrial processes operated at elevated temperatures. Here, we report a mutant of a family 11 xylanase (Xyn-CDBFV) from Neocallimastix patriciarum with a mutation (D57N) in the active center could be further stabilized by the substrate. Despite that the thermostability of the two enzymes are almost the same in the absence of the substrate, the mutant displays a 10 -15 o C higher optimal temperature of activity than the wild type. Potential hydrogen bonding interactions predicted by molecular docking between the substrate molecule and residues N57, E202 of the mutant are probably responsible for the stabilizing effect. This suggests that it will be useful to consider the stabilizing effect induced by the substrate in optimization processes of enzyme thermostability.
INTRODUCTION
Industrial processes such as paper bleaching are usually operated at elevated temperatures. Thus, ideal industrial enzymes such as xylanase should be highly active at high temperatures. So, it is very interesting to engineer thermophilic xylanases, which have been created from mesophilic enzymes by site-directed mutagenesis and directed evolution Jeong et al., 2007; Miyazaki et al., 2006; Ruller et al., 2008; Stephens et al., 2007) . In general, the thermal stabilizing effect on these mutant xylanases can be attributed to various intrinsically structural features, such as more surface charged residues (Turunen et al., 2002) , disulfide bridge Wakarchuk et al., 1994b; Xiong et al., 2004; Yang et al., 2007) and higher degree of hydrophobic packing in protein core (Xie et al., 2006) Abbreviations: Xyn-CDBFV, a family 11 xylanase from Neocallimastix patriciarum; CD, circular dichroism; PDB, Protein Data Bank; DNS, 3, 5-dinitrosalicylic acid; LB, Luria-Bertani bacterial culture medium. extrinsic factors such as salts, pressure and substrate are also able to affect the enzyme thermostability. Indeed, substrate molecules have long been known to be able to improve the enzyme thermostability by stabilizing the active site (Vieille and Zeikus, 2001) . However, to the best of our knowledge, the substrate stabilizing effect on family 11 xylanase was rarely reported and the stabilizing effect caused together by the substrate and xylanase amino-acid mutation was even less seen. It was obvious that a good understanding of the molecular basis for such effect may lead to new rules for rational design and engineering of thermophilic xylanases.
In this study, we report a single-point mutation (D57N) in the active center of a family 11 xylanase (Xyn-CDBFV) from Neocallimastix patriciarum resulting in that the substrate has a significant stabilizing effect on the mutant. The investigation of the molecular basis for such stabilizing effects will shed new lights on enzyme optimization processes.
MATERIALS AND METHODS

Site-directed mutagenesis and cloning
Site-directed mutagenesis was carried out to produce Xyn-CDBFV-D57N mutant by two-step over-lapping PCR with Pfu polymerase (Ho et al., 1989) .
In the first-round PCR, CDBFV_sense_BamHI primer (5'-GGCGGATCCATGCAAAGTTTCTGTAGTTCAGCTTCTCAC-3') and D57N_anti primer (5'-CATAAGTAATTCCCAGCATTTTG-3') were used to amplify the first DNA fragment of about 200 bp with Xyn-CDBFV gene as the template, CDBFV_anti_NotI primer (5'-GCGGCGGCCGCATCACCAATGTAAACCTTTGCGTA -3') and D57N_sense primer (5'-CAAAATGCTGGGAATTACTTATGT -3') were used to amplify the second DNA fragment of about 500 bp with Xyn-CDBFV gene as the template. These two amplified fragments having overlapping ends were combined as the secondround PCR template using CDBFV_sense_BamHI primer and CDBFV_anti_NotI primer. These two primers were also used to amplify the wild type gene with Xyn-CDBFV gene as the template.
The PCR reaction mixture contained 41.5 µl of water 5 µl of 10X Pfu reaction buffer, 1 µl of 40 mM dNTP mix (200 µM each final), 0.5 µl of each of flanking primers (250 ng/µl of each primer), 1 ng template DNA and 2.5 units of Pfu in a total volume of 50 µl. All amplifications were performed at 94 o C for 30 s followed by 30 cycles at 94 o C for 30 s, 58 o C for 30 s and 72 o C for 30 s. PCR products were separated by agarose gel electrophoresis and purified using BioDev PCR purification kit. Upon digestion with BamHI and NotI, the PCR products were ligated into the pET21a vector (Novagen, http://www.emdbiosciences.com/product/69740) digested with same enzymes. The ligation was catalyzed by T4 DNA ligase (TaKaRa, Dalian, China) at 16 o C for 5 h, resulting in the expression plasmids of pET21a-Xyn-CDBFV and pET21a-Xyn-CDBFV-D57N. The full length of the gene was sequenced in Invitrogen (Shanghai, China).
Expression of recombinant proteins in E. coli
The constructed expression plasmids of pET21a-Xyn-CDBFV and pET21a-Xyn-CDBFV-D57N were transformed into E. coli strain BL21 (DE3). The BL21 (DE3) transformants were grown at 37 o C in 100 ml LB media with 100 µg/ml ampicillin until the early exponential phase (OD600 = 0.6 -0.8). The protein expression was induced by 0.1 mM IPTG at 20 o C for 15 h. Cells of 100 ml culture were harvested by centrifugation at 5000 rpm for 5 min and resuspended in 5 ml lysis buffer (50 mM Tris-HCl, 20 mM NaCl, pH 7.4) and then disrupted by ultrasonication. After centrifugation at 12000 rpm for 10 min, the supernatant was mixed with 1 ml Ni-NTA resin at 4 o C for half an hour. After being washed with 5 ml washing buffer (50 mM Tris-HCl, 20 mM NaCl, 20 mM imidazole, pH 7.4), the Ni-NTA resin was eluted with 2 ml elution buffer (50 mM TrisHCl, 20 mM NaCl, 250 mM imidazole, pH 7.4). The purity of proteins was judged by SDS-PAGE (5% acrylamide in stacking Gel, 15% acrylamide in resolving Gel) and Coomassie blue staining, according to the procedures described in Appendix 8 of Molecular Cloning: A Laboratory Manual (Third Edition).
Determination of catalytic parameters
The Michaelis-Menten steady-state parameters, Km and kcat, were determined using oat-spelt xylan (Fluka) as substrate. The parameters at various pHs were determined in 50 mM citric acid buffer (pH 3.5 -5.5) and 50 mM Na2HPO4-NaH2PO4 buffer (pH 6.0 -7.5) at 52 o C and those at different temperatures were determined in 50 mM citric acid buffer (pH 5.0) at various temperatures. Typically, substrate concentrations were varied from 1 to 10 mg/ml. After 5 min incubation, the reduced sugar was determined by DNS method (Miller, 1959) . Experimental rates measured at each given substrate concentration were plotted to the standard Michaelis-Menten expression. Values of kcat / Km were determined from the slope of You et al. 1289 Lineweaver-Burke plot (Joshi et al., 2001 ). Activation energy Ea was calculated from the kcat values at those temperatures below the optimal temperature according to the Arrhenius equation
where A is the Arrhenius constant related to steric effects and the molecular collision frequency, R is the gas constant (8.314 J mol -1 K -1 ), T is the temperature (K).
Characterization of xylanase thermostability
The enzyme thermostability was characterized by the residual relative activity after incubation in 50 mM citric acid buffer (pH 5.0) at 72 o C for 10 min in the absence or presence of the substrate (Vieille and Zeikus, 2001 ) and m T which was calculated from circular dichroism (CD) spectra in 0.5 mM citric acid buffer (pH 5.0) (Ruller et al., 2008) .
In the absence of the substrate, the enzyme was first incubated in 50 mM citric acid buffer (pH 5.0) at 72 o C for 10 min, followed by enzyme activity assay in parallel with none-heat treated enzyme assay and then the relative residual activity was determined. While in the presence of the substrate, the substrate molecules were first mixed with enzyme in 50 mM citric acid buffer (pH 5.0) and then this mixture was split to four equal portions. The first portion (P1) was incubated at 72 o C for 10 min; the second portion (P2) was also incubated at 72 o C for 10 min and followed by 10 min incubation at 52 o C; the third portion (P3) was incubated at 52 o C for 10 min; the fourth portion (P4) was incubated at 52 o C for 20 min. After incubation, the amounts of the reduced sugar of four portions (A1, A2, A3 and A4, respectively) were determined by DNS method. The thermostability in the presence of the substrate was represented by the ratio of the reduced sugar amount of P2 and P4 during the last 10 min incubation at 52 o C (this ratio is 3 4
). Circular dichroism (CD) spectra of the enzymes were measured using a JASCO 715 spectropolarimeter (JASCO, Tokyo, Japan) in 0.5 mM citric acid buffer (pH 5.0) in a 1 cm path-length quartz cuvette (Ruller et al., 2008) . The temperatures of the sample were varied from 35 to 85°C at a rate of 1°C/min using a computer controlled Peltier heat exchange accessory, PTC-423S (JASCO). In order to eliminate baseline signal drift arising from the equipment, the spectropolarimeter and xenon lamp were turned on at least 30 min prior to the start of the experiments. Ellipticity values between 200 and 250 nm of the enzymes were continuously collected using an integration time of 5 min, from which the spectra of a buffer blank were subtracted. Ellipticity values at 220 nm were specifically extracted to determine the melting temperature T (the midpoint of the thermal unfolding transition determined by CD) for the CDBFV and mutant protein were estimated from the ellipticity changes measured during the thermal denaturation, as previously described (Sushma and Faizan, 2000) . 
Molecular docking simulation
We used the program AutoDock 4.0 (http://autodock.scripps.edu/) to simulate the best binding modes of the substrate molecule to the family 11 xylanases. Three-dimensional structures of xylanases were downloaded from the Protein Data Bank (PDB) (http:// www.pdb.org). The molecular structure of the substrate was generated and energetically optimized by the program suite ChemOffice. For each substrate, 30 low-energy binding conformations were generated and the substrate molecule which posses the same orientation as that in the crystallographic structure (PDB code: 1bcx) and has the lowest binding energy was selected for the binding site analysis. The predicted substrate-binding sites are those residues in which any atom is less than 3 Å away from the atoms of the substrate molecule.
RESULTS
Activity profiles of the wild type and the D57N mutant at various temperatures and pHs
In family 11 xylanases, the residue that has a hydrogen bond with the general acid/base catalyst at position 57 (CDBFV numbering) is an asparagine for the so-called 'alkaline' xylanases and an aspartic acid for the 'acidic' xylanases (Sapag et al., 2002) . To engineer a more alkalophilic xylanase, we obtained the D57N mutant of a family 11 xylanase (CDBFV) from Neocallimastix patriciarum. As expected, the D57N mutant displays a higher optimal pH by 0.5 than the wild type (Figure 1 ). But the values of k cat / K m of the mutant are lower than the wild type. Both the acid limb and basic limb of the wild type show sharper than the mutant.
Then, we determined the temperature-dependent activity profiles of the wild type and the D57N mutant. The E a of the mutant enzyme is about 3-fold greater than that of the wild type (Table 1) Activity assays of the Pichia pastoris secreted by wild type and D57N mutant enzymes were also performed under the same conditions. Similar results were seen (data not shown).
Thermostability of the wild type and the D57N mutant
In this study, the increased optimal temperature of the mutant will be attributed to the increased thermostability in the presence and (or) the absence of the substrate. We found that, in the absence of the substrate, after incubating at 72 o C for 10 min in 50 mM citric acid buffer (pH 5.0), the relative residual activities of the two enzymes K m of the wild type and the mutant enzyme is 10.11 ± 1.40 mg/ml and 1.82 ± 0.16 mg/ml against xylan at 72 o C, respectively (Table 1) . We found that the relative residual activity of the wild type under 5-fold of K m concentration of xylan is similar to that without xylan. However, the relative residual activity of the mutant increases with xylan concentration (Figure 3) . Under 5-fold of K m concentration of xylan, the mutant enzyme almost retains full activity after incubation at 72 o C for 10 min. This indicates that xylan has significant stabilizing effect on the D57N mutant.
Thus, the higher optimal temperature of the D57N mutant can be attributed to the substrate stabilizing effect. Since thermostable protein may tolerate extreme pH environment (Vieille and Zeikus, 2001) , this is why the acid limb and basic limb of the wild type show sharper than the mutant. The site numbers accords to the CDBFV site numbering. Figure 5 . The docking result of X-ray structure (PDB code: 1bcx) with xyloside. Green xyloside is the best-binding substrate predicted by AutoDock and cyan xyloside is the substrate molecule in glycosyl-enzyme structure (PDB code: 1bcx). RMSD between these two substrate molecules is 0.47 Å. The figure was generated with PyMol (http://pymol.sourceforge.net/).
Molecular docking of xylan molecule into family 11 xylanases
It is well known that the stacking of aromatic groups and hydrogen bonding are two major kinds of interactions between an enzyme and its substrate (Krengel and Dijkstra, 1996) . Very likely, the substrate stabilizing effect on the D57N mutant may be attributed to the hydrogen bonds between N57 and the substrate molecule. To test this hypothesis, we employed a molecular docking approach to investigate the best binding mode of the substrate molecule with family 11 xylanases. The widely used program AutoDock has been employed to perform molecular docking (Morris and Lim-Wilby, 2008; . To test the reliability of this program for family 11 xylanases, we first carried out a test docking of xyloside with a family 11 xylanase, whose xyloside-enzyme intermediate crystal structure has been solved by Wakarchuk et al. (1994a) (PDB code: 1bcx) and this structure could be used as a comparison with the docking result. The position of the best-binding substrate molecule predicted by AutoDock was almost the same as that in the crystal structure ( Figure 5 ), RMSD (root mean square deviation) between these two substrate molecules is only 0.47 Å. Therefore, AutoDock is able to predict the binding mode of the substrate with family 11 xylanase reliably.
Since there is neither crystal nor NMR structure of Xyn-CDBFV, we performed molecular docking for the substrate molecule with available X-ray structures of alkaline and acidic xylanases in PDB. The PDB codes for these investigated xylanases are: 1bcx, 1igo (chain B), 1rex, 1xnb, 2c1f and 2vgd (alkaline xylanases), 1bk1, 1ukr and 1xyn (acidic xylanases). Because the active centers of family 11 xylanases can accommodate at least four xyloses (Kulkarni et al., 1999) , we performed the docking simulations of these xylanases with xylotetraose. After investigating the putative binding sites of these xylanases, we found that N57, E202 (CDBFV numbering) are the additional substrate binding sites in the alkaline xylanases. However, there exists no such binding site in the acidic xylanases (Table 2) . Thus, it appears that N57, E202 of the D57N mutant may be the additional substrate binding residues, which are able to mediate additional hydrogen bonding interaction with xylan and result in the mentioned stabilizing effect (Figure 6 ). On the other hand, it has been found that there exists a strong hydrogen bond between D57 and E202 of the wild type enzyme in the glycosyl-enzyme intermediate (Joshi et al., 2000) and thus Asp57 and Glu202 function together as acid/base catalyst and may not play a role in binding substrate. This may weaken the interactions between the enzyme and the substrate.
DISCUSSION
To the best of our knowledge, here we reported for the first time that the interplay of an amino-acid mutation and the substrate could lead to further stabilizing effects on the mutant. This suggests that such substrate stabilizing effect may need to be considered in the engineering processes of protein thermostability.
Directed evolution has been proved to be a very powerful tool in protein engineering. A great deal of thermostable enzymes have been engineered by this approach Miyazaki et al., 2006; Ruller et al., 2008; Stephens et al., 2007) . However, most of these mutant xylanases were engineered to be more thermostable than the wild type based on the intrinsic effects of the amino acid mutations on protein stability. The major reason is that the thermostability assays in the previous directed evolution were usually conducted without substrate. According to our results, it will be better to screen mutants with higher thermostability in the presence of the substrate. For example, we could determine the enzyme activities of a mutant at three or four different temperatures and the thermostability in the presence of the substrate will be represented by the relative activity values at the higher temperatures. Thus, the thermostable mutants screened by such a method will include not only the intrinsically thermostable mutants, but also the mutants which could be stabilized by the substrate. The latter mutants may be useful for us to reveal the substrate binding mechanism.
On the other hand, site-directed mutagenesis based on the rational design has long been used to improve the properties of protein (Jeong et al., 2007; Kimura et al., 1992; Nikolova et al., 1998; Paes and O'donohue, 2006; Xiong et al., 2004) . This method requires detailed knowledge about the protein to be engineered. Fortunately, many glycosyl-enzyme intermediate crystal structures of family 11 xylanases have been determined (Joshi et al., 2001; Sabini et al., 1999; Sidhu et al., 1999; Vardakou et al., 2008) and some computational tools such as AutoDock have been developed to identify the substrate binding sites. These will be very valuable for us to elucidate substrate binding mechanism, which is helpful in protein engineering with rational design in the presence of the substrate. The designed mutations may take place in the active site pocket. However, the mutations in the other regions of the protein have also been found to affect the thermostability in the presence of the substrate. For example, Turunen et al. carried out multiple Arg substitutions on the Ser/Thr surface of a family 11 xylanase from Trichoderma reesei and showed that although the mutant displayed the decreased thermostability in the absence of the substrate, the apparent optimal temperature of the mutant increases by ~5 o C (Turunen et al., 2002) . Very likely, the substrate further stabilizing effect on the mutant may lead to the increased thermostability.
Conclusion
We have shown that the D57N mutant of a family 11 xylanase (Xyn-CDBFV) from N. patriciarum could be further stabilized by the substrate, displaying a 10 -15 o C higher optimal temperature of activity than the wild type. Results of molecular docking indicated that the additional hydrogen bonding interactions between the substrate and residues N57, E202 of the mutant may account for such stabilizing effect. This provides new clues for screening thermophilic enzymes.
ACKNOWLEDGMENT
This work was supported by grants from HI-tech Research
